In athletes, isolated electrocardiogram high voltage criteria are widely used to evaluate left ventricular hypertrophy, but positive findings are thought to represent normal electrocardiogram alterations. However, which electrocardiogram criterion can best detect left ventricular hypertrophy in athletes of various sport modalities remains unknown. METHODS: Five electrocardiogram criteria used to detect left ventricular hypertrophy were tested in 180 male athletes grouped according to their sport modality: 67% low-static and high-dynamic components and 33% high-static and high-dynamic components of exercise. The following echocardiogram parameters are the gold standard for diagnosing left ventricular hypertrophy: left ventricular mass index X134 g.m -2 , relative wall thickness X0.42 mm, left ventricular diastolic diameter index X32 mm.m -2 , septum wall thickness X13 mm, and posterior wall thickness X13 mm. Results for the various criteria were compared using the kappa coefficient. Significance was established at po0.05. RESULTS: Fifty athletes (28%) presented with left ventricular hypertrophy according to electrocardiogram findings, with the following sensitivities and specificities, respectively: 38-53% and 79-83% (Perugia), 22-40% and 89-91% (Cornell), 24-29% and 90% (Romhilt-Estes), 68-87% and 20-23% (Sokolow-Lyon), and 0% and 99% (Gubner). The Perugia and Cornell criteria had higher negative predictive values for the low-static and highdynamic subgroup. Kappa coefficients were higher for Romhilt-Estes, Cornell and Perugia criteria than for Sokolow-Lyon and Gubner criteria. CONCLUSION: All five evaluated criteria are inadequate for detecting left ventricular hypertrophy, but the Perugia, Cornell and Romhilt-Estes criteria are useful for excluding its presence. The Perugia and Cornell criteria were more effective at excluding left ventricular hypertrophy in athletes involved in a sport modality with low-static and high-dynamic component predominance.
' INTRODUCTION
The initial publications on the correlation of electrocardiogram (ECG) results for left ventricular hypertrophy (LVH), which were mostly based on voltage criteria (e.g., Sokolow-Lyon, Cornell, Gubner and many others), have shown the very low sensitivity and high specificity of ECG (1-5). However, none of these criteria were developed to evaluate an athlete's heart, despite knowledge regarding the relevant heart adaptations caused by high intensity exercise training (6) (7) (8) (9) (10) . This physiologic cardiac remodeling is related to chamber enlargement and increased volume and wall thickness, leading to an augmented left ventricular (LV) mass with normal systolic and diastolic functions (10) . Moreover, the sport modality appears to influence cardiac remodeling and consequently the degree of LVH; these factors depend on the combination of the intensity (low, medium or high) of both the dynamic and static components of exercise (8, (10) (11) (12) .
Interestingly, some resting ECG features, such as sinus bradycardia, first and second (Mobitz I) degree atrioventricular blocks, early repolarization, and isolated high QRS voltages, that are usually found in both amateur and professional athletes, were reported in some studies (8, 11) . Many ECGs that fulfill the Sokolow-Lyon voltage criteria for LVH in trained athletes have been reported (8, (13) (14) (15) (16) . Although the previous finding by Pelliccia et al. (8) verified that there were 20% more abnormal ECGs when using the criterion of an isolated QRS voltage increase, Calore et al. (14) suggested that positive results for an isolated QRS voltage increase should not be used in highly trained athletes when evaluating LVH. Accordingly, the Sokolow-Lyon criterion (QRS voltage analysis) seems to be inadequate for young competitive athletes (15) . Singla et al. (16) confirmed that a high isolated QRS amplitude is a physiological exercise training response, rather than a pathological risk factor, as was postulated for athletes (11) . Nevertheless, there is no clear information regarding the usefulness of other ECG criteria or regarding which criteria is the most appropriate for detecting LVH in athletes. In addition, whether the cardiac adaptation provoked by different sport modalities (12) influences the ECGbased detection of LVH in athletes is unknown. Accordingly, the present study attempts to determine which of five ECG criteria for LVH based on echocardiographic parameters best applies to athletes depending on their sport modality.
' METHODS
Population and Study Protocol -This cross-sectional retrospective study was conducted in 180 healthy professional and amateur male endurance athletes (76 soccer players, 44 long distance runners, 11 road cyclists, 25 rowers, 8 triathletes and 16 boxers; 15 to 60 years of age) who were engaged in competitive training and were listed in the database of the sport and exercise outpatient facility of a tertiary hospital. According to the Task Force 8: Classification of Sports (12), our study group was divided into two subgroups based on their components of exercise: lowstatic and high-dynamic (LSHD -66.7%) and high-static and high-dynamic (HSHD -33.3%) components of exercise. The present study was approved by the Institutional Ethics Committee for the Analysis of Research Projects (#0101/09) in accordance with the rules of this ethics committee and our country, with no need for individual signed consent forms.
Structural and Functional Cardiac Evaluations -Echocardiography is routinely performed to evaluate all athletes who are enrolled in the sport and exercise outpatient facility. Twodimensional and Doppler echocardiographic studies were performed to assess the morphology of the left ventricle (LV) using a cardiac ultrasound machine (HP/Philips Sonos 5500 -Davis Medical Electronics Inc., The Netherlands). LV cavity diameters were obtained using M-mode with 2-dimensional guidance according to the guidelines of the American Society of Echocardiography (17) . The LV mass was calculated as 0.8[1.04(LVDD + PWT + SWT) ] + 0.6, with values provided in grams; (LVDD = left ventricular diastolic diameter; PWT = posterior wall thickness; SWT = septum wall thickness). The volumes were measured according to the modified Simpson's rule, and the ejection fraction was calculated as (EDV -ESV) / EDV (EDV = end-diastolic volume; ESV = end-systolic volume). Relative wall thickness (RWT) was calculated as (2 x PWT) /LVDD. All of the echocardiographic analyses were performed with the investigator blinded to the ECG information.
The following criteria, considered the gold standards, were used to identify left ventricular hypertrophy (LVH) in the athletes (9, (17) (18) (19) (21). The oxygen and carbon dioxide outputs were measured via breath-by-breath analysis (Vmax SERIES 229, SensorMedics Corporation, California, USA) as described in a previous study (22) .
Statistical Analyses
Data for all variables are presented as the mean ± SD. The results using ECG criteria to diagnose LVH were compared to the results obtained by echocardiography. Continuous variables were compared using the non-paired T test, and categorical variables were analyzed using Fisher's exact test (sensitivity, specificity, positive predictive value -PPV, and negative predictive value -NPV). The kappa coefficient was used to verify the agreement between each type of ECG criteria and the gold standard echocardiographic parameters. Kappa values were classified as o0 -Poor; 0-0.20 -Slight; 0.21-0.40 -Fair; 0.41-0.60 -Moderate; 0.61-0.80 -Substantial; and 0.81-1.00 -Almost perfect (23) . Statistical analyses were performed using SPSS software. A p value p0.05 was considered significant.
' RESULTS
The characteristics and echocardiographic and ECG parameters of the athletes are shown in Table 1 . The athletes had normal weights (BMI from 18.5 -24.9 kg.m -2 ), and the peak VO 2 values indicated that athletes had a high cardiopulmonary capacity. The HSHD subgroup had a higher peak VO 2 . Most athletes presented with LVH echocardiographic criteria within the normal range for this population. However, in 50 athletes (27.8%), at least one of the five measurements (LVMI, RWT, LVDDI, SWT, or PWT) was higher than the cutoff value for LVH, and the number of elevated values was equally distributed between the LSHD and HSHD subgroups. As a result of the predominance of the static exercise component in the HSHD subgroup, LVDDI was lower and RWT, SWT and PWT were higher in the HSHD subgroup than in the LSHD subgroup. The ECG findings were within the normal range for an adult male population. Each ECG criterion for LVH was applied, and the results were later compared to the echocardiogram results. The sensitivity, specificity, PPV, NPV and kappa coefficients are presented in Tables 2 to 5 .
Left Ventricular Mass Index vs. ECG Criteria -The Perugia criterion was the only criteria that provided significant accuracy for correctly identifying LVH when using LVMI for the total cohort, as well as for the LSHD subgroup, in which the criteria presented an elevated negative predictive value. Despite this result, the kappa coefficient was considered fair. None of the other criteria showed any significant results, but they did exhibit lower kappa values than that of the Perugia criterion (Table 2) .
Relative Wall Thickness vs. ECG Criteria -The RomhiltEstes and Perugia criteria provided significant accuracy for correctly identifying LVH when using RWT for all athletes, and each of these criteria presented an elevated negative predictive value. The sport modality subgroups were not significantly different. Regardless of the accuracy, the kappa coefficient was considered fair for the Romhilt-Estes criterion and slight for the Perugia criterion. None of the other criteria provided any significant results other than low kappa values (Table 3) . Left Ventricular Diastolic Diameter Index and/or Septum and/or Posterior Wall Thickness vs. ECG Criteria -The Cornell and Perugia criteria provided significant accuracy for correctly identifying LVH when using LVDDI and/or Septum and/or PWT for all of the athletes and for the LSHD subgroup. Both criteria presented an elevated negative predictive value. Despite the accuracy, the kappa coefficient was considered fair for the Cornell criteria and slight for the Perugia criterion. None of the other criteria had any significant results other than low kappa values (Table 4) .
Left Ventricular Mass Index or Relative Wall Thickness or Left Ventricular Diastolic Diameter Index and/or Septum and/or Posterior Wall Thickness vs. ECG Criteria -When using at least one of the three above-mentioned echocardiographic criteria together, the Cornell, Romhilt-Estes and Perugia criteria provided significant accuracy for correctly identifying LVH for all of the athletes. The sport modality subgroups did not show any significant results. The three criteria presented elevated negative predictive values, and the kappa coefficient was considered fair for the Perugia criterion and slight for the Cornell and Romhilt-Estes criteria. None of the other criteria presented any significant results other than low kappa values (Table 5) .
' DISCUSSION
The present study highlights the poor accuracy of the five tested ECG criteria in correctly identifying LVH based on the results of the gold standard echocardiogram method in a population of athletes. The Perugia, Cornell and RomhiltEstes ECG criteria presented high negative predictive values, which could be helpful for excluding the presence of LVH in athletes. Specifically, the Perugia and Cornell criteria were more effective for excluding LVH in athletes involved in sport modalities with a predominance of the dynamic component. We understand that concentric and eccentric physiological cardiac adaptations occur in athletes involved in sport modalities with this characteristic. Thus, the pathological cardiac increase would involve additional electrocardiographic changes in addition to the high voltage changes. In our study, physiologic LVH was identified using at least one of the echocardiographic criteria in 50 athletes of the total cohort (27.7%). When considering each ECG criterion alone, the Perugia criterion was the one that came closest to the echocardiographic LVH diagnosis (23.3%), followed by the Romhilt-Estes score (13.9%) and the Cornell criterion (13.3%). The approximation for the Perugia criterion may have been influenced by both the Cornell and Romhilt-Estes criteria. In contrast, the Sokolow-Lyon criterion overestimated (77.8%) the presence of LVH, and the Gubner criterion underestimated it (0.6%). Of the three ECG criteria that presented significant results for sensitivity and specificity, the Perugia criterion showed a higher sensitivity (38-53%), followed by the Cornell criterion (22-40%) and the RomhiltEstes score (24-29%). Notably, the sensitivity of the Perugiabased identification increased when the LVMI and LVDDI and/or septum and/or PWT echocardiographic criteria were used. Although Schillaci et al. (24) (hypertensive and older individuals) evaluated a different population, their Perugia ECG criterion sensitivity was comparable to that of our study (39%). Our sensitivity results for the Romhilt-Estes and Cornell criteria were similar to that of Gasperin et al. (35% and 38%, respectively), who studied healthy individuals (25) . In the original publication (4), the sensitivity for the RomhiltEstes criterion was much higher (60%) than in our present study. However, this difference is probably due to the population they studied, which included individuals with serious cardiac disease. These results confirm that none of the studied ECG criteria were valid for identifying LVH in athletes. In addition, in our study, all of the criteria provided similar specificity results: the Perugia (79-83%), Cornell (89-91%) and Romhilt-Estes (90%) specificities were comparable to the results in healthy individuals (25) but were slightly lower than those for a population with heart disease (4, 24) .
Subgroup analyses showed that the Perugia (Tables 2 and 4 ) and Cornell (Table 4 ) criteria could provide important additional information for the LSHD subgroup. The sensitivity was 46-55% and 36%, and the specificity was 86% and 92% (Perugia and Cornell, respectively). These two ECG criteria could be useful for excluding the presence of LVH in athletes involved in sport modalities with low-static and high-dynamic components of exercise, such as long distance running and soccer.
All diagnoses of LVH were equally distributed in the LSHD and HSHD subgroups (25 athletes each). LVH was HSHD high-static and high-dynamic; LSHD low-static and high-dynamic; NPV negative predictive value; PPV positive predictive value; RWT relative wall thickness.
found in 9% and 20% of LSHD and HSHD, respectively, when the LVMI echocardiographic criterion was applied. When RWT was used, LVH was present in 10% and 37% of LSHD and HSHD, respectively. Finally, the LVDDI and/or septum and/or PWT criteria revealed the presence of LVH in 9% and 7% of athletes in the LSHD and HSHD subgroups, respectively. These results clearly demonstrate the influence of sport modality on structural cardiac adaptations. As expected, the predominance of the dynamic component leads to hypertrophy, mainly due to cavity increase (dilatation); furthermore, the predominance of the static component leads to hypertrophy, mainly due to a thickness increase (12) . Despite the poor positive predictive value, the Perugia criterion could be used to identify athletes without LVH in 78% to 95% of the study population, according to all echocardiographic criteria. Similarly, the Romhilt-Estes and Cornell criteria were useful for identifying athletes without LVH in 75% to 84% and 75% to 94%, respectively, of the study population, with the use of only two echocardiographic criteria. Neither the Sokolow-Lyon nor the Gubner criteria should be used to evaluate this population, because these criteria could not identify or exclude LVH in athletes.
Thus, our results demonstrate that the Sokolow-Lyon criterion should be used with caution, as previously demonstrated (14) , and any ECG alteration identified by this set of criteria might mainly be due to physiological adaptations related to exercise training (16) . The sport modality subgroup analyses showed higher negative predictive values for the Perugia and Cornell criteria in the LSHD subgroup, mainly when LVDDI and/or septum and/or PWT echocardiographic criteria were used. This finding could have a practical implication, since this subgroup of athletes (LSHD) presented with higher LVDDI and lower septum and PWT than did the HSHD subgroup. Thus, for the athletes involved in sports with a predominance of the dynamic component, the negative predictive value for the Perugia and Cornell criteria was higher. This finding implies an almost 100% correct exclusion of cardiac disease (LVH) when those criteria are not met in these athletes.
The kappa coefficients obtained for all ECG criteria showed that the results based on the Sokolow-Lyon (-0.06 to 0.02) and Gubner (-0.01) criteria were definitely obtained by chance. In contrast, the kappa coefficients for the Romhilt-Estes (0.10 to 0.21), Cornell (0.07 to 0.23) and Perugia (0.18 to 0.23) criteria were higher than those for the Sokolow-Lyon and Gubner criteria, albeit the values were low. There are two possible explanations for the low (fair) values of the kappa coefficient for these three criteria. First, those ECG criteria are not useful for identifying LVH. Second, the low LVH prevalence in our population (27.7%) led to low reproducibility.
In conclusion, the Perugia, Cornell and Romhilt-Estes ECG criteria appear to be the most appropriate criteria with which to exclude the presence of LVH in athletes. Additionally, using the Perugia and Cornell criteria improved the exclusion of LVH for the athletes involved in a sport modality with a predominance of the low-static and high dynamic components.
Study Limitations
We recognize that some limitations exist for the present study. First, the use of male athletes limited the results and conclusions to this gender. Second, a higher number of athletes with LVH would be desirable. However, this condition would limit the sample size because of the low incidence of LVH in athletes (27.7% in our study when considering several echocardiographic parameters). Furthermore, Pelliccia et al. (19) reported that only 15% of elite athletes had a left ventricular cavity X60 mm.
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